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Rodent	models	of	obesity	induced	by	consuming	high-fat	diet	(HFD)	are	characterized	by	inflammation	both	
in	peripheral	tissues	and	in	hypothalamic	areas	critical	for	energy	homeostasis.	Here	we	report	that	unlike	
inflammation	in	peripheral	tissues,	which	develops	as	a	consequence	of	obesity,	hypothalamic	inflammatory	
signaling	was	evident	in	both	rats	and	mice	within	1	to	3	days	of	HFD	onset,	prior	to	substantial	weight	gain.	
Furthermore,	both	reactive	gliosis	and	markers	suggestive	of	neuron	injury	were	evident	in	the	hypothalamic	
arcuate	nucleus	of	rats	and	mice	within	the	first	week	of	HFD	feeding.	Although	these	responses	temporar-
ily	subsided,	suggesting	that	neuroprotective	mechanisms	may	initially	limit	the	damage,	with	continued	
HFD	feeding,	inflammation	and	gliosis	returned	permanently	to	the	mediobasal	hypothalamus.	Consistent	
with	these	data	in	rodents,	we	found	evidence	of	increased	gliosis	in	the	mediobasal	hypothalamus	of	obese	
humans,	as	assessed	by	MRI.	These	findings	collectively	suggest	that,	in	both	humans	and	rodent	models,	
obesity	is	associated	with	neuronal	injury	in	a	brain	area	crucial	for	body	weight	control.

Introduction
Obesity has emerged as a major health problem in industrialized 
nations. Despite substantial progress in understanding the neurobi-
ology of energy homeostasis (the biological process through which 
energy intake and expenditure are matched to one another so as to 
promote stability in the amount of fuel stored as fat) (1), little is 
known regarding how brain systems designed to promote weight 
stability are altered in common forms of obesity (2, 3).

Growing  evidence  implicates  immune  cell–mediated  tissue 
inflammation as an important mechanism linking obesity to insu-
lin resistance in metabolically active organs, such as liver, skeletal 
muscle, and adipose tissue (4–6). In rodent models of diet-induced 
obesity (DIO), increased inflammatory signaling in the mediobas-
al hypothalamus (MBH) similarly contributes to leptin resistance 
and weight gain (7–12), but the cellular interactions underlying 
this inflammatory response remain uncharacterized. The goal of 
the current study was to identify the neuroanatomical correlates of 
obesity-associated hypothalamic inflammation and to determine 
whether similar responses occur in humans.

We  report  that  unlike  inflammation  in  peripheral  tissues, 
a process that develops over weeks to months of high-fat diet 
(HFD) feeding in rodent models (13–15), markers of hypotha-
lamic inflammation are elevated within 24 hours of HFD expo-
sure. Within the first week of HFD, markers of neuron injury also 
become evident in the hypothalamic arcuate nucleus (ARC) and 

adjacent median eminence (ARC-ME) in association with reactive 
gliosis involving recruitment of both microglia and astrocytes. 
Although initially transient, suggesting an effective neuroprotec-
tive response, inflammation and gliosis return and become estab-
lished with continued HFD exposure. Using an established MRI 
method (16–19), we also report evidence of increased gliosis in the 
MBH of obese humans. These findings collectively suggest that, in 
both humans and rodent models, obesity is associated with injury 
to a key brain area for energy homeostasis.

Results
Time course of HFD-induced hypothalamic inflammatory gene expression. 
Consistent with a large volume of literature (7–11, 13, 14, 20), we 
found that expression of several proinflammatory genes increased 
by approximately 50% in both hypothalamus (Figure 1A) and liver 
(Figure 1B) of adult male rats subjected to long-term (20 weeks) 
consumption of a HFD (60% of calories from fat) relative to that 
in controls fed standard chow. By comparison, whereas inflam-
mation was not detected in either liver or adipose tissue after only 
4 weeks of HFD, hypothalamic inflammation was clearly evident 
at this earlier time point (Figure 1, C–E). Thus, the effect of HFD 
feeding to induce hypothalamic inflammatory gene expression 
seems unlikely to arise from a systemic inflammatory process.

Since rats fed the HFD for 4 weeks gained more than 50 g more 
body weight and more than 10% more fat mass than chow-fed 
controls over the same time frame (data not shown), it remains 
possible that hypothalamic inflammation at this time point is 
a consequence of obesity. To address this question, we analyzed 
hypothalamic proinflammatory gene expression in rats during the 
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initial phase of HFD feeding. Relative to that of chow-fed controls, 
rats placed on the HFD exhibited a transient but robust (50%–100%)  
increase of food intake (Figure 1, G and H) that gave rise to a small 
but significant increase of body weight and fat mass by day 7 (Fig-
ure 1F). In this cohort, gene expression analysis revealed a complex 
“on-off-on” pattern, with elevated hypothalamic levels of Il6, Tnfa, 
Socs3, Ikbkb, and Ikbke mRNA observed within the first 3 days of 
HFD exposure, followed by a decline to baseline values from days 

7 to 14 and a subsequent return to elevated levels by day 28 (Fig-
ure 1I). Thus, increases of hypothalamic proinflammatory gene 
expression closely mirrored changes of energy intake during the 
first days of HFD feeding, and both occurred prior to significant 
expansion of body fat mass (P = NS for fat mass gain of HFD-fed 
rats at days 1 or 3 compared with chow-fed controls; Figure 1F). 
C57BL/6 mice displayed a similar, transient increase of proinflam-
matory gene expression during the first 7 days of HFD feeding 

Figure 1
Time course of hypothalamic inflammation after the onset of HFD feeding. (A and B) Quantification of mRNA encoding proinflammatory cytokines 
(Il1b, Il6, Tnfa) and NF-κB pathway genes (Nfkbia, Ikbkb) in (A) hypothalamus and (B) liver of rats fed either standard chow (white bars) or HFD 
(gray bars) for 20 weeks (n = 6/group). *P < 0.05 versus chow-fed controls. (C–E) Effect of 4 weeks of HFD feeding (gray bars) on proinflam-
matory cytokine gene expression in rat (C) hypothalamus, (D) liver, and (E) white adipose tissue compared with that in chow-fed controls (white 
bars) (n = 6/group). *P < 0.05 versus chow-fed controls. (F) Total weight gain (black bars), fat mass gain (white bars), and (G) average (avg) daily 
food intake (kcal/d) of rats (n = 6/group) fed chow for 2 weeks or HFD for up to 28 days. *P < 0.05 versus chow-fed controls. (H) Comparison of 
daily food intake (kcal) in rats (n = 6/group) fed chow (gray) or HFD (black) for 14 days. *P < 0.05 versus chow-fed controls. (I) Time course of 
induction of mRNA encoding inflammatory mediators, including proinflammatory cytokine (Il1b, Il6, Tnfa), cytokine pathway (Socs3), and NF-κB 
pathway (Nfkbia, Ikbkb, Ikbke) gene expression in the hypothalamus of rats fed chow or HFD for up to 28 days (n = 6/group). All mRNA species 
were quantified relative to 18S and Gapdh housekeeping gene expression (by ΔΔCT method) and presented as fold change relative to chow-fed 
controls [fold chow]. The dashed line in I represents the level of expression equal to chow-fed controls. *P < 0.05 versus chow.
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(Supplemental Figure 1; supplemental material available online 
with  this  article;  doi:10.1172/JCI59660DS1),  indicating  that 
hypothalamic inflammatory signaling occurs prior to substantial 
weight gain in mice, as it does in rats.

Markers of gliosis during early HFD feeding. Activation, recruitment, 
and proliferation of microglia (macrophage-like immune cells of 
the brain) and astrocytes, collectively termed “reactive gliosis,” are 
hallmarks of the brain response to neuronal injury (21–24). We 
observed that, in rats fed a HFD for up to 28 days, hypothalamic 
expression of mRNA encoding myeloid cell–specific markers Cd68 
and Emr1 (which encodes F4/80) increased by 50%–100% by day 3  
(Figure 2A),  suggesting an effect of HFD feeding to promote 
microglial accumulation in this brain area. Interestingly, the level 
of hypothalamic Emr1 gene expression was correlated with fat 
mass gain (r = 0.70; P < 0.001; Figure 2B). Combined with our find-
ing that hypothalamic expression of mRNA encoding the astro-
cyte marker gene Gfap is comparably increased at the same early 
time point (Figure 2A), these results suggest that the rapid onset of 
hypothalamic inflammation induced by HFD feeding is associated 
with robust glial responses.

Using immunohistochemistry to detect the microglia-specific 
cytoplasmic marker Iba1 (ref. 25 and Figure 3A), we found that 
microglial number increased in rat ARC by day 3 of HFD expo-
sure compared with that in chow-fed controls (Figure 3, B–D) and 
remained elevated throughout the initial 2-week period (Figure 3, 
E and F; quantified in Figure 3G). Concomitantly, microglial cells 
enlarged (Figure 3H) and adopted a more activated morphology 
(compare Figure 3I with Figure 3J). In separate cohorts of rats fed a 

HFD for up to 8 weeks, microglial accumulation in the ARC corre-
lated with the degree of fat mass gain (r = 0.54, P = 0.019; Figure 3K),  
and animals with greater  increases of  fat mass also had  larger 
microglia in the ARC (r = 0.52, P = 0.028; Figure 3L). Moreover, 
changes of both microglial accumulation and cell size appear to be 
limited to the ARC-ME region, as they were not observed in other 
hypothalamic (lateral hypothalamic area, ventromedial nucleus) or 
extrahypothalamic (hippocampus, cerebral cortex) brain areas (Sup-
plemental Figure 2). Since an analogous accumulation of microglia 
occurred in the ARC-ME of wild-type C57BL/6 mice (Supplemental 
Figure 3), this effect of HFD feeding is not unique to rats.

The  effect  of  HFD  on  astroglial  responses  was  assessed  in 
C57BL/6 mice by GFAP immunostaining. As expected, GFAP-posi-
tive astrocytes were scattered throughout the ARC-ME of mice fed 
standard chow, and their processes resembled those in other brain 
areas (Figure 4A). Within just 1 week of HFD exposure, however, 
the intensity of GFAP staining in the ARC-ME increased by approx-
imately 50% (Figure 4, B and G). Like hypothalamic inflammatory 
markers (and unlike the microglial response), this astrocytosis was 
transient, returning to baseline in mice fed the HFD for 2 to 3 
weeks (Figure 4, C and D, respectively; quantified in Figure 4G)  
but recurring with long-term HFD feeding relative to that in age-
matched controls fed chow for the same duration (Figure 4, E and 
F; quantified in Figure 4H). A similar pattern of hypothalamic 
gliosis was observed in rats over the first 8 weeks of HFD feeding 
(data not shown), confirming that comparable microglial, astro-
glial, and inflammatory responses to HFD occur in both species.

Using  immunohistochemistry to detect GFAP, we observed 
the expected preservation of distinct cell-cell boundaries among 
astrocytes in the ARC-ME of chow-fed mice (Figure 5A). After just 
1 week of HFD exposure, however, astrocytic processes in this 
brain area coalesced into a dense fibrous network suggestive of a 
syncytium (Figure 5B), a finding pathognomonic of reactive glio-
sis (22). This effect was initially transient and resolved between 
weeks 2 and 3 of HFD (Figure 5, C and D) but reappeared in mice 
fed a HFD for long intervals (8 months; Figure 5, E and F).

HFD-induced neuronal injury. The rapid onset of inflammation 
and reactive gliosis observed in the hypothalamus of rats and mice 
consuming a HFD is a hallmark of the response to neuron inju-
ry (e.g., induced by ischemia or excitotoxicity) (21–24). To more 
directly test the hypothesis that HFD exposure causes ARC neu-
ron injury, we performed immunohistochemical staining to detect 
induction of the chaperone Hsp72, a component of the neuropro-
tective response to neuron injury (26), in the ARC-ME of rats fed 
the HFD for 7 days relative to that of chow-fed controls (Figure 6, 
A and B). As predicted, Hsp72 immunostaining was increased in 
HFD-fed rats relative to that in chow-fed controls, and hypotha-
lamic Hsp72 mRNA expression was also detectably elevated within 
3 days of HFD exposure (data not shown). Among ARC neurons in 
which Hsp72 induction was detected are those containing proopi-
omelanocortin (POMC) that are components of a critical network 
for energy balance regulation (ref. 1 and Figure 6, C and D).

We next used electron microscopy to investigate whether autoph-
agy, an independent marker of neuronal stress/injury (27, 28), was 
induced in POMC neurons from C57BL/6 mice fed the HFD (Figure 6,  
E–I). After 20 weeks of HFD feeding, the percentage of POMC neu-
rons with detectable autophagosomes increased more than 10 fold 
(black arrows in Figure 6F; higher-magnification view in Figure 6G),  
such that the majority of POMC cells examined now exhibited this 
organelle (6.4% ± 4.1% in chow fed vs. 81.2% ± 8.7% in HFD fed;  

Figure 2
Effect of HFD feeding on hypothalamic microglial markers in rats. (A) 
Time course of hypothalamic microglia-specific (Cd68 and Emr1) and 
astrocyte-specific (Gfap) gene expression in rats fed chow or HFD for 
up to 28 days (n = 6/group). *P < 0.05 versus chow. (B) Correlation 
of hypothalamic Emr1 mRNA level (linearized using difference in CT 
count between the Gapdh and the Emr1 gene [ΔCT]) with change in fat 
mass (g) over 4 weeks of HFD feeding (r = 0.70; P < 0.001).
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P = 0.00005; Figure 6I). In addition, a disruption of mitochondrial 
morphology was observed in POMC neurons from mice fed a HFD 
(white arrows in Figure 6, E and F; higher-magnification view in 
6H). Whereas mitochondria in POMC neurons from chow-fed rats 
uniformly demonstrated homogenous, compact electron-dense 
lumens with well-organized, parallel-oriented cristae (Figure 6H), 
mitochondria from HFD-fed animals manifested irregular swell-
ings and less electron-dense lumen with nonparallel cristae that 
were frequently discontinuous (Figure 6H). Furthermore, the size 
and shape of the mitochondria varied greatly in the HFD-fed ani-
mals but not in the chow-fed animals (Figure 6F, white arrows).

To determine whether cellular injury (Figure 6, A–D) and autoph-
agy (Figure 6, E–I) ultimately give way to permanent alteration of 
POMC neurons, we quantified POMC-immunopositive cells in 
long-term HFD-fed mice. This analysis revealed an approximately 
25% reduction in the number of POMC cells in the ARC of mice 
after 8 months of exposure to HFD relative to that of controls fed 
chow over the same time period (P < 0.05; Figure 6, J–L). Taken 
together, these results suggest that the hypothalamic response to 
HFD consumption involves acute injury to — and eventual loss of —  
ARC POMC neurons.

Evidence of hypothalamic gliosis in obese humans. Based on our find-
ings of reactive gliosis, microglial accumulation, and neuronal inju-
ry in rodents with DIO, we investigated whether MBH gliosis is also 
associated with obesity in humans. We used magnetic resonance 

images obtained from a retrospective cohort of 34 subjects who had 
clinical MRI examinations without identified abnormalities. BMI 
ranged from lean to obese (17.7–44.1 kg/m2). To determine whether 
visual evidence of gliosis was present in the brain images, we per-
formed an initial inspection of the MBH for hyperintense signal on 
T2-weighted coronal sections, a characteristic finding of gliosis in 
numerous inflammatory, ischemic, and degenerative neural disor-
ders (16–19). By this analysis, no studies were rated as abnormal. To 
detect gliotic changes below the visual detection threshold, ratios 
were created to compare mean signal intensity within regions of 
interest (ROIs) placed in the MBH with ROIs in adjacent amygdalar 
tissue (ROIs indicated by green circles and arrows in Figure 7, A and 
B, on representative images from a lean and an obese subject). The 
putamen was used as a control ROI. Mean signal intensities were 
highly correlated between ROIs in the right and left hemispheres 
for all 3 brain regions (MBH: r = 0.99, P < 0.0001; amygdala: r = 0.99, 
P < 0.0001; putamen: r = 0.97, P < 0.0001), such that MBH/amyg-
dala mean signal ratios were similar on both sides of the brain (left: 
1.13 ± 0.12, right: 1.08 ± 0.14; r = 0.54, P = 0.001).

Across all subjects,  left MBH/amygdala signal  intensity was 
positively correlated with BMI, both by simple linear regression 
of mean intensity ratios (r = 0.38, P = 0.027; Figure 7C) and multi-
variate analysis using MBH signal as the independent variable and 
amygdala signal as covariate (P < 0.05; data not shown). By compar-
ison, the left MBH/amygdala mean signal ratio was not associated 

Figure 3
Histochemical analysis of HFD-induced microglial accumulation in rat ARC. Immunohistochemical detection of Iba1 protein, a microglial marker 
(25), in coronal sections of rat hypothalamus (14 μm) from animals fed either (A and B) chow or (C–F) HFD for up to 14 days. (A) Low-magnifica-
tion view (original magnification, ×10) of microglia distributed throughout the MBH. The dashed box indicates the region used for quantification of 
ARC microglial number and size in G and H. 3V, third ventricle. Scale bar: 100 μm. (B–F) Higher-magnification view (original magnification, ×20) 
of Iba1 immunohistochemistry in the ARC of rats fed (B) chow or (C) HFD for 1 day, (D) 3 days, (E) 7 days, or (F) 14 days. Scale bar: 50 μm. 
(G and H) Quantification of (G) mean ARC microglial cell number (per field defined in A) and (H) microglial cell size (average number of pixels 
in 10 largest cells) from rats fed either chow or HFD (n = 6/group). *P < 0.05 versus chow. (I and J) Comparison of microglial fine structure in 
hypothalamus of rats fed (I) chow or (J) HFD for 7 days. Microglia from HFD-fed rats manifest a more “ameboid” morphology, characterized by 
larger cell bodies with thickened and shortened processes. Scale bar: 10 μm. (K) Correlation of microglial cell number and fat mass gain (g) over 
2–8 weeks of HFD consumption, with indicated linear regression line. (L) Correlation of microglial cell size (no. pixels in 10 largest cells/ARC) and 
fat mass gain (g) over 2 to 8 weeks of HFD consumption, with indicated linear regression line. Each symbol in K and L represents an animal.
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with age (r = 0.15; P = NS), and it did not differ by gender (men: 
1.14 ± 0.02; women: 1.11 ± 0.03; P = NS). In group comparisons, 
the left MBH/amygdala mean signal ratio was significantly higher 
among obese subjects (1.18 ± 0.04; n = 12 with BMI >30 kg/m2)  
than that in normal-weight subjects (1.06 ± 0.04; n = 11 with BMI 
19–25 kg/m2; P < 0.05). Interestingly, the association of BMI with 
increased signal intensity appeared to be limited to the MBH, as 
BMI was not correlated with putamen/amygdala signal ratios (left: 
r = 0.10, P = NS; right: r = 0.01, P = NS). Thus, similar to the find-
ings in HFD-fed rodents, our retrospective analysis suggests that 
obesity in humans is associated with gliosis in the MBH, raising 
the possibility of a common mechanism of obesity-induced hypo-
thalamic injury across species.

Discussion
Although hypothalamic inflammation is well documented in rodent 
models of DIO (7–11, 20), neither its underlying mechanisms nor 
its relevance to human obesity are understood. Here we report that 
hypothalamic inflammation induced by HFD feeding is a manifes-
tation of neuron injury that in turn triggers a reactive gliosis involv-
ing both microglial and astroglial cell populations. Moreover, these 
responses appear to occur selectively in the ARC and rapidly follow 
the initiation of a HFD. The transient nature of this hypothalamic 
response suggests that neuroprotective responses are mounted that 
limit or reverse the injury during its initial phases, but, with sus-
tained exposure to the HFD, ARC-ME gliosis and injury responses 
are reestablished. Combined with MRI-based evidence for gliosis 
in the MBH of obese humans, our findings suggest that, in both 
humans and rodent DIO models, obesity is associated with neuron 
injury in a brain area crucial for body weight control.

Several mechanisms have been forwarded to explain obesity-
induced inflammation in both peripheral tissues and hypothala-
mus, including activation of TLR4, induction of endoplasmic 
reticulum stress, and activation of serine/threonine kinases, such 
as IKKβ (reviewed in ref. 8). While the contribution made by these 

mechanisms remains uncertain, the much earlier onset of inflam-
mation in hypothalamus relative to that  in peripheral tissues 
raises the possibility that different processes are involved. More-
over, the nature of the hypothalamic inflammation occurring 
during the first days of HFD feeding may differ fundamentally 
from that involved with chronic HFD exposure. The conclusion 
that the rapid onset of MBH inflammation is a manifestation of 
neuron injury and associated neuroprotective responses is consis-
tent with previous evidence of apoptosis and glial ensheathment 
of ARC neurons in animals rendered obese by chronic HFD feed-
ing (29, 30). Moreover, these responses were detected specifically in 
ARC POMC cells (29, 30), which is consistent with our finding of 
an approximately 25% reduction in the number of hypothalamic 
POMC neurons in mice chronically fed a HFD. In this context, it 
is noteworthy that POMC cells play an essential role to protect 
against obesity and that loss of these cells is sufficient in and of 
itself to cause excess weight gain in mice (31).

In experimental models of brain injury, astrocytes play a key neu-
roprotective role, limiting the extent of both inflammation and neu-
ron loss (21, 22). The reactive gliosis we observed in the MBH of both 
rats and mice may therefore be neuroprotective in nature, limiting 
local injury induced by HFD feeding. Consistent with this hypoth-
esis is our finding that the return of proinflammatory markers in 
the ARC-ME area to basal, preintervention values (on day 7 of HFD 
feeding) coincides with the appearance of a reactive gliosis in the 
same brain area. Like markers of inflammation, however, this gliosis 
is initially transient, but both responses are reestablished as obesity 
develops (within 4 weeks of HFD feeding). These observations sug-
gest that with sustained exposure the capacity of supportive glial 
cells to control the damage associated with HFD feeding is exceeded 
and that neuron injury and loss can no longer be prevented.

This hypothesis is consistent with our finding that during HFD 
feeding, Hsp72 was rapidly induced in neurons in the ARC-ME. 
Heat shock proteins are induced in response to many forms of 
brain injury, including stroke, neurodegenerative disease, epilep-

Figure 4
Time course of the effect of HFD feeding on hypothalamic astrocytes. (A–D) Representative images of astrocytes identified by immunohistochemical 
detection of GFAP protein in coronal sections of hypothalamus (10 μm) obtained from 10-week-old mice fed either (A) chow or HFD for (B) 1 week,  
(C) 2 weeks, or (D) 3 weeks. (E and F) GFAP staining of hypothalamic sections from 8-month-old mice fed (E) chow or (F) HFD. Scale bar: 50 μm.  
(G) Quantification of GFAP staining intensity (mean ± SEM) in the region of the ARC from mice fed either chow or HFD for 1 to 3 weeks (n = 6/ 
group). (H) Quantification of GFAP staining intensity (mean ± SEM) in mice fed chow or HFD for 8 months. *P < 0.05 versus chow. The dashed 
boxes indicate the region used for quantification in G and H.
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sy, and trauma, and overexpression of these proteins can serve a 
protective role in models of nervous system injury (26, 32). Hsp72 
functions as a chaperone and protects neurons  from protein 
aggregation and toxicity (in Parkinson disease, Alzheimer disease, 
polyglutamine diseases, and amyotrophic lateral sclerosis) as well 
as apoptosis (in Parkinson disease) (26, 32). It is also a stress mark-
er (temporal lobe epilepsy) and protects cells from inflammation 
(cerebral ischemic injury) (26, 32). Our findings therefore suggest 
that rapid induction of Hsp72 in ARC neurons during HFD feed-
ing is part of a neuroprotective response that also involves local 
microglial and astroglial responses.

Autophagy is a lysosomal degradative pathway that maintains 
cellular homeostasis by turning over cellular components. Interest-
ingly, this process was recently suggested to participate in the phys-
iological response of MBH neurons to fasting, based on evidence 
that fasting-induced autophagy liberates nutrient-related signals 
that regulate neuron firing (33). Beyond the response to starvation, 
however, autophagy is also a prominent feature of numerous path-
ological processes (e.g., neurodegeneration) and can lead to apopto-
sis of neurons and other cell types (27, 28, 34). Although the precise 
interpretation of increased autophagy in the setting of HFD feed-
ing awaits additional study, recent evidence suggests it may serve to 
minimize neuronal inflammation and injury (35). Consistent with 
this interpretation, the apoptosis of ARC POMC cells in rats with 
DIO (30) and the 25% reduction in POMC cell number we observed 
in HFD-fed mice support the hypothesis that increased numbers 
of autophagosomes in this cell population reflect ongoing cell 
injury and that this protective response along with others, such 
as upregulated chaperone expression and endoplasmic reticulum 
stress (11, 36), are ultimately insufficient to prevent cell loss with 

continued exposure to HFD. This model warrants further study 
with interventions to determine whether susceptibility to DIO is 
altered by manipulation of these protective responses.

Although microglia can be activated in a proinflammatory man-
ner and cause tissue damage (37, 38), their diverse roles to regulate 
and support neuronal function are a topic of intense recent inter-
est (37–39). For example, microglia participate in synaptic pruning 
both during development (39) and in adult brain (37, 38), and they 
play an important neuroprotective role under conditions in which 
the initial insult is directed at neurons (e.g., demyelinating or neu-
rodegenerative disease) (23, 24), rather than at microglia them-
selves. Available evidence suggests that in the first few days of HFD 
feeding, the inflammation and neuron injury we have observed in 
the ARC-ME is not due to actions of microglia. Rather, we hypoth-
esize a neuroprotective effect of these cells based on our findings 
that (a) accumulation and enlargement of microglia becomes 
detectable in the ARC only after inflammation is established in 
this brain area, and (b) this microglial response persists even as 
local inflammation resolves (albeit transiently). With chronic HFD 
feeding, however, a pathogenic role for proinflammatory microglia 
has not been excluded, and future studies are warranted to address 
this issue. An additional unanswered question is why astrocytosis 
in the ARC resolves temporarily (along with a decrease of proin-
flammatory markers) after the first week of HFD feeding, whereas 
microglial accumulation continues to increase during this time.

It is important to note that the current studies were undertaken 
in rodent strains known to be genetically predisposed to DIO, and 
the important question of whether the hypothalamic response 
to HFD feeding differs in obesity-resistant strains remains unan-
swered. This point is particularly germane in light of evidence that 
the balance between excitatory and inhibitory synaptic contacts on 
ARC neurons is altered by HFD feeding (29, 40) in a manner that 
differs between animals that are genetically predisposed to DIO 
and those that are obesity resistant (29). Given the capacity of both 
microglia and astrocytes to participate in synaptic remodeling and 
modulate synaptic levels of various neurotransmitters (21–24, 37, 
41), it will be of interest in future studies to determine whether 
hypothalamic responses to HFD feeding are influenced by genetic 
factors that impact predisposition to DIO.

Based on literature establishing structural MRI as a reliable meth-
od for visualizing and quantifying gliosis in human brain (16–19), 
we undertook a retrospective analysis of T2-weighted magnetic 
resonance images obtained previously in a cohort of young human 
subjects undergoing clinical examination. We found hyperintensi-
ty of the T2-weighted signal in human MBH that was significantly 
increased (P < 0.05) in obese individuals compared with that in 

Figure 5
Effect of HFD feeding on ARC astrocyte morphology. High-magnifica-
tion (original magnification, ×100) examination of astrocyte processes 
by GFAP immunohistochemistry of sections through mouse ARC. (A) 
Astrocyte processes in the ARC of mice fed chow remain separated 
into discrete areas. (B) One week of HFD feeding is accompanied by 
the apparent formation of a syncytium of astrocytic processes. (C) This 
astrocyte response is partially resolved by 2 weeks of HFD feeding, 
with only a few scattered overlapping processes, and, (D) by 3 weeks 
of HFD, glial morphology appears to be fully normalized. (E) Mice fed 
chow for 8 weeks show increased astrocyte number but no overlap of 
processes. (F) Mice fed HFD for 8 months exhibit severe astrocytosis 
suggestive of syncytium formation. Scale bar: 10 μm.
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lean individuals, indicative of gliosis. This finding does not consti-
tute definitive proof of increased gliosis, as edema, infection, and 
tumors can have a similar appearance. However, subjects having 
preexisting evidence of neurological abnormality were excluded 
from the study, suggesting that these alternative explanations for 
increased T2-weighted signal intensity are unlikely. Furthermore, 
as predicted by our findings in rodents, the gliosis signal was posi-
tively correlated to BMI but not to age or gender. Although the 
magnitude of this increase associated with obesity was modest 
(which likely reflects, at least in part, limitations inherent in glio-
sis detection by MRI), these data lend translational relevance to 
our preclinical studies by suggesting that hypothalamic neuron 
injury and associated gliosis are a feature of obesity in humans 
as well as rodents. Although it remains to be determined whether 
this finding is causally linked to obesity pathogenesis or is simply 
a marker of the obese state, it seems reasonable to anticipate that 
damage to a critical brain area for body weight control might play 

a role in the associated obesity (42), 
and studies to clarify this issue are a 
high priority for future research.

In  summary,  we  report  that,  in 
rats and mice  that are  susceptible 
to  DIO,  consumption  of  a  HFD 
rapidly induces neuron injury in a 
brain area critical for energy homeo-
stasis.  Although  local  responses 
appear to limit this injury, recovery 
is  transient,  eventually giving way 
to  chronic  inflammation,  neuron 
loss, and reactive gliosis. Extending 
these findings is MRI evidence for 
gliosis in the hypothalamus of obese 
humans. Collectively, this work iden-
tifies a potential link between obesity 
and hypothalamic injury in humans 
as well as animal models.

Methods
Animals.  Weight-matched  male  Long-
Evans rats (300–350 g; Harlan) or male 
C57BL/6  mice  (20–25  g)  were  housed 
individually in a specific pathogen–free 
environment, maintained in a tempera-
ture-controlled  room  with  a  12-hour-
light/12-hour-dark cycle, and provided 
with ad libitum access to water and either 
standard laboratory chow (3.34 kcal/g; 
PMI Nutrition International) or a diet 
containing 60% kcal fat (HFD, 5.24 kcal/g, 
D12492; Research Diets) for periods rang-
ing from 1 day to 8 months. Body weight 
and food intake were monitored daily.

Real-time PCR. For expression analyses, 
RNA from liver, epididymal white adi-
pose tissue, and MBH (rectangular block 
excised as previously described; ref. 43)  
was  extracted  using  TRIzol  B  accord-
ing to the manufacturers’  instructions 
(MRC). RNA was quantified by spectro-
photometry at 260 nm (Nanodrop 1000; 

Thermo Scientific) and reverse transcribed with avian myeloblastosis virus 
reverse transcriptase (1 μg; Promega). Levels of mRNA for Nfkbia, Ikbkb, 
Ikbke, Il6, Il1b, Tnfa, Gfap, Emr1, Cd68, Gapdh (internal control), and 18S 
RNA (internal control) were measured by semiquantitative real-time PCR 
on an ABI Prism 7900 HT (Applied Biosystems). The primer sequences 
were designed using Primer Express (version 2.0.0; Applied Biosystems) 
as follows: Nfkbia, forward, TGCCTGGCCAGTGTAGCAGTCTT, reverse, 
CAAAGTCACCAAGTGCTCCACGAT; rat Ikbkb, forward, AGGGTGAC-
TAAGTCGAGAC, reverse, ACAGCCAGGATATGGTACG; mouse Ikbkb, 
forward, GGCACCTTGGATGACCTAGA, reverse, CCATATCCTGGCT-
GTCACCT;  Ikbke,  forward,  ACCACTAACTACCTGTGGCAT,  reverse, 
ACTGCGAATAGCTTCACGATG;  rat  Il6,  forward,  CAGAGGATAC-
CACCCACAACAGA,  reverse,  CAGTGCATCATCGCTGTTCATACA; 
mouse Il6, forward, GTGGCTAAGGACCAAGACCA, reverse, GGTTTGCC-
GAGTAGACCTCA; Il1b, forward, TACAAGGAGAGACAAGCAACGACA, 
reverse, GATCCACACTCTCCAGCTGCA; rat Tnfa, forward, GCTCCCTCT-
CATCAGTTCCA, reverse, CTCCTCTGCTTGGTGGTTTG; mouse Tnfa, 

Figure 6
Effect of HFD feeding on hypothalamic markers of neuronal injury and on POMC cell number. (A–D) 
Immunohistochemical analysis of the neuronal injury marker Hsp72 in the ARC of rats fed (A and C) 
chow or (B and D) HFD for 7 days. Immunofluorescence in C and D shows colocalization of Hsp72 
(green) with POMC peptide (red). (E and F) Electron micrograph of a POMC neuron from a mouse fed 
(E) chow or (F) HFD for 20 weeks. In E, no pathological changes in cytoplasm or mitochondria (white 
arrows) are observed, whereas, in F, mitochondrial integrity is disrupted (white arrows), and mature 
and developing autophagosomes are present (black arrows). The inset in F is a higher-magnifica-
tion example of an autophagosome. (G) Additional high-magnification examples of autophagosomes 
(black arrows). (H) High-magnification images of POMC neuron mitochondria from mice fed chow 
(parallel-oriented cristae and regular structure) or HFD (nonparallel cristae and irregular shape). (I) 
Quantification of percentage of POMC neurons with autophagosomes (n = 5 cells examined in each 
of 5 mice). *P < 0.05 versus chow. (J and K) Representative images of POMC neurons in the ARC of 
mice fed either (J) chow or (K) HFD for 8 months. (L) Quantification of POMC neuron number in the 
hypothalamus of mice fed chow or HFD for 8 months (mean ± SEM; n = 8/group). *P < 0.05 versus 
chow. Scale bar: 50 μm (A–D, J, and K); 1 μm (E and F); 500 nm (F, inset); 400 nm (G and H).
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forward, CATCTTCTCAAAACTCGAGTGACAA, reverse, TGGGAGTAG-
ATAAGGTACAGCCC; Gfap, forward, AACGACTATCGCCGCCAACTG, 
reverse, CTCTTCCTGTTCGCGCATTTG; rat Emr1, forward, AATCGCT-
GCTGGCTGAATACGG,  reverse,  CCAGGCAAGGAGGGCAGAGTT; 
mouse Emr1, forward, AATCGCTGCTGGTTGAATACAG, reverse, CCAG-
GCAAGGAGGACAGAGTT;  Cd68,  forward,  CTTCCCACAAGCAGCA-
CAG, reverse, AATGATGAGAGGCAGCAAGAGA; Gapdh, forward, AAC-
GACCCCTTCATTGAC, reverse, TCCACGACATACTCAGCAC; and 18S 
forward, CGGACAGGATTGACAGATTG, reverse, CAAATCGCTCCAC-
CAACTAA. PCR data were analyzed using the Sequence Detection Sys-
tem software (SDS version 2.2; Applied Biosystems). Expression levels of 
each gene were normalized to housekeeping genes (Gapdh and 18S) and 
expressed as a percentage of chow-fed controls. Nontemplate controls were 
incorporated into each PCR run.

Immunohistochemistry. After fixation-perfusion with 4% paraformaldehyde/
PBS, frozen sections in the coronal plane through the rat and mouse hypo-
thalamus were processed for GFAP, Iba1, POMC, and Hsp72 immunoreactiv-
ity using standard immunohistochemical procedures. Sections blocked in 5% 
normal goat, mouse, or donkey serum (Jackson ImmunoResearch Laborato-
ries Inc.) were incubated overnight at 4°C with mouse anti-GFAP (1:10,000; 
Sigma-Aldrich), mouse anti-Hsp72 (1:1,000; Enzo Life Sciences), rabbit anti-
Iba1 (1:1,000; Wako Pure Chemicals), goat anti-Iba1/AIF-1 (1:1,000; Everest 
Biotech), and anti-POMC (Ab5, 1:10,000; AbCam). Biotinylated anti-rabbit, 
anti-mouse or anti-goat secondary antibody, ABC reagent, and diamino-
benzidine substrate (Vector Laboratories) were used for light microscopic 
visualization. Immunofluorescence was performed with a combination of 
Alexa Fluor 488– or Alexa Fluor 594–labeled anti-rabbit, anti-goat, or anti-
mouse secondary antibodies (1:500; Invitrogen) and DAPI (Sigma-Aldrich) 
to identify cell nuclei. GFAP and Iba1 antibodies have been widely validated 
in the literature as markers for astrocytes and microglia, respectively. In addi-
tion, we saw no overlap between these markers and NeuN, a neuronal marker 
(data not shown). The POMC antibody identified only a small population of 
neurons in the expected area of the ARC (Figure 6, C, D, J, and K) and hind-
brain (data not shown), consistent with the known location of these cells. 
Hsp72 immunostaining has been used extensively in prior studies (26, 32). 
In addition, sections incubated with preimmune serum showed no detect-
able signal (data not shown). While the absence of detectable immunoreac-

tivity in chow-fed controls and presence of positive staining in HFD brains 
indicates that the Hsp72 antibody staining is not nonspecific, we cannot 
absolutely rule out the possibility that the antibody may recognize other 
antigens in hypothalamic neurons of HFD-fed rats.

Images were captured on an Eclipse E600 upright microscope equipped 
with a color digital camera (Nikon). Quantification was performed in 
a blinded fashion on anatomically matched brain regions  identified 
in ×20 images. Both sides of bilateral structures (e.g., ARC, VMH, etc.) 
were counted on 2 to 4 slides per animal, and replicate values from each 
animal  were  individually  averaged  before  determining  group  means  
(n = 4–8/group). For Iba1 and POMC immunostaining in which discrete 
cells could be identified, cell number was counted manually within pre-
specified ROIs using Photoshop (Adobe) or ImageJ (http://rsbweb.nih.
gov/ij/). Signal intensity was scored in a semiquantitative fashion and was 
found to covary with diet group. For microglial cell size (using Iba1) and 
GFAP immunoreactivity, thresholding was performed in ImageJ, followed 
by densitometric quantification.

Autophagy analysis. Group-housed C57BL/6 mice fed either standard 
chow (Purina Lab Chow no. 5001, Ralston Purina Corp.) or 45% kcal HFD 
(D12451, Research Diets) for 20 weeks were perfused with picric acid, and 
their brains were processed for electron microscopic examination. Ultrathin 
sections were cut on a Leica ultramicrotome, collected on Formvar-coated 
single-slot grids, and analyzed with a Tecnai 12 Biotwin electron microscope 
(FEI Company). The analysis of autophagosome (intracellular membrane-
bound cytosol and organelles) number was performed in an unbiased fash-
ion, as described elsewhere (29, 44). We analyzed 5 POMC neurons identi-
fied by POMC immunolabeling in 5 animals per experimental group.

Retrospective study of brain MRIs in humans. We performed a retrospec-
tive cohort study to assess for radiologic evidence of MBH gliosis and 
correlated our findings with BMI levels and obesity. Magnetic resonance 
brain examinations, using pituitary or epilepsy imaging protocols that 
used coronal T2-weighted sequences performed between 1/1/2009 and 
12/31/2010 at University of Washington Medical Center or Harborview 
Medical Center, were reviewed for 2 inclusion criteria: (a) availability 
of good quality coronal views of the hypothalamus and (b) absence of 
clinical abnormalities that might confound interpretation (e.g., hypo-
thalamic-pituitary axis disease). For 39 studies that met our inclusion 
criteria, we reviewed electronic medical records to determine body weight 
at time of exam, height, age, gender, indication for magnetic resonance 
examination, final diagnosis, comorbidities (e.g., diabetes mellitus), and 
maximum recorded BMI. Exclusion criteria were as follows: BMI not 
available; age of less than 18 or more than 70 years; diagnosis of pitu-
itary, hypothalamic, or neurodegenerative disorder (e.g., multiple scle-
rosis); cerebral atrophy; or history of bariatric surgery. Five subjects were 
excluded (age >70 [n = 2]; missing height [n = 1]; type 1 diabetes mellitus 
[n = 1]; CNS disease [n = 1]), yielding a total of 34 study participants (19 
men, 15 women; mean age, 38 ± 12 years of age [range 18–63 years of age]; 
mean BMI, 28.5 ± 6.7 kg/m2 [range 17.7–44.1 kg/m2]). The most common 
indications for examination were hypogonadism (29%), elevated prolac-

Figure 7
Radiologic evidence of gliosis in the MBH of obese humans. Repre-
sentative coronal T2-weighted images through the hypothalamus from 
(A) a normal weight and (B) an obese subject. Insets show the place-
ment of right and left ROIs (green circles) in the MBH and amygdala 
(AMY). In the MBH (thick arrows) of the obese subject, signal ratios 
demonstrated subtle hyperintensity (brightness) relative to the amyg-
dala (thin arrows). Scale bar: 20 mm; 10 mm (insets). (C) Correlation of 
BMI with MBH hyperintensity as measured by left (L) MBH/amygdala 
signal ratio (n = 34 subjects; r = 0.38; P = 0.027).
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tin levels (21%), and seizure (15%). On targeted visual inspection of the 
MBH, no studies were rated as abnormal, 7 were rated as equivocal (4 left,  
1 right, 2 bilaterally), and 27 were rated were normal. There was no differ-
ence in the proportion of normal weight versus obese subjects who had 
an equivocal finding (Fisher’s exact = 1.000; P = NS).

Single coronal slices through the hypothalamus, using T2-weighted fast 
spin echo (with or without fat saturation) or fluid-attenuated inversion 
recovery sequences, were identified for each subject. The MBH was visually 
inspected for abnormalities and rated as normal, equivocal, or abnormal. 
ROIs in the right and left MBH, the right and left amygdala, and the right 
and left putamen were defined by a neuroradiologist, who was blinded 
to all clinical information. Mean ROI signal intensity, standard devia-
tion, and area of ROI were measured by using proprietary software on the 
PACS workstation (Centricity, GE Healthcare). Ratios were calculated by 
comparing the mean signal intensity in the MBH on each side with that 
in the ipsilateral amygdala ROI. A control ratio compared mean signal 
intensity in the putamen with that in the ipsilateral amygdala. Subjects 
were classified into 2 groups: obese (BMI >30 kg/m2) and normal weight  
(BMI 19–24.9 kg/m2, without any previously recorded BMI >30). Subjects 
with BMIs outside these ranges were excluded from group analyses, but 
data from all subjects were used in correlation analyses.

Statistics. All results are expressed as mean ± SEM. Statistical analyses 
were performed using GraphPad PRISM (version 4.0b; Graph Pad Soft-
ware). One-way ANOVA with Dunnet’s least significant difference post-
hoc tests was used to compare mean values against those for chow con-
trols, while 2-tailed Student’s t tests were used for 2-group comparisons. 
For the human MRI study, group differences were assessed by unpaired 
2-tailed Student’s t test for continuous variables and Fisher’s exact test for 
categorical variables. Normal distributions were confirmed for continuous 
variables. Pearson’s correlation coefficients were calculated, and univari-
ate linear regression was used to test for significance. A secondary analy-
sis was performed as an alternate method to using signal ratios by using 
mean MBH signal intensity in a multivariate regression, with BMI as the 
independent variable and mean amygdala signal intensity as a covariate 
(performed in Stata 9.2, Statacorp). In all instances throughout, P values 
of less than 0.05 were considered significant.

Study approval. All study protocols involving rats and mice were approved by 
the Animal Care and Use Committees at the University of Washington, Uni-
versity of Cincinnati, or Yale University and conducted in accordance with the 
NIH guidelines for care and use of animals. The study involving analysis of 
human MRI scans was approved by the University of Washington Institution-
al Review Board (IRB). The IRB granted a waiver of informed consent; because 
this was a retrospective study that involved minimal risk to the involved sub-
jects, it was not possible to contact all of the subjects, and appropriate safe-
guards were in place to protect subject confidentiality and privacy.
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